Glioblastoma (GBM) is the most commonly diagnosed primary malignant brain tumour in adults. It recurs in almost all patients, and there is no commonly accepted standard treatment, so the prognosis is extremely poor. The median survival of patients with newly diagnosed GBM is nearly 12 months ([@bib32]). In addition, the median overall survival time is only about 15--17 months even with the current gold-standard first-line therapeutic method---maximal safe resection followed by radiotherapy combined with temozolomide chemotherapy ([@bib13]; [@bib39]). The excessive proliferation nature of GBM is due to frequent genetic alterations and subsequent stimulation of abnormal signal transduction pathways ([@bib23]; [@bib47]). However, it remains unknown which of these pathways is essential to GBM initiation and progression.

Receptors for some regulatory peptides were reported to be highly expressed in tumours and associated with tumorigenesis, such as aberrant expression and activity of G-protein-coupled receptors (GPCRs; [@bib34]; [@bib53]). As one member of GPCRs, neurotensin receptors (NTSRs)-induced signaling pathways were considered to contribute to malignance of multiple tumours and were suggested to be potential targets for cancer treatment. Neurotensin (NTS) is a short oligopeptide chain containing 13 amino-acid residues and works as a neuromodulator in the central nervous system and as an endocrine agent in the periphery nervous system ([@bib6]). The biological functions of NTS were mediated via specific receptors, including two GPCRs, NTSR1 and NTSR2, as well as a sortilin receptor NTSR3 ([@bib9]). Among them, NTSR1 was the most affinitive receptor and had important roles during tumorigenesis and cancer development. We previously demonstrated that activation of NTS-NTSR1 signaling impacted the poor prognosis of glioma patients and promoted cell proliferation and invasion of GBM cells ([@bib37]). In addition, we found that NTS-induced IL-8/CXCR1/STAT3 pathway was crucial for the maintenance of stem-like traits in glioma stem cells ([@bib61]). However, the underlying mechanisms were not fully elucidated.

In this study, we further showed an antiapoptotic property of NTSR1 in GBM. We found that inhibition of NTSR1 induced intrinsic apoptosis and sensitised GBM cells to stress-induced apoptosis by downregulation of Bcl-w. In addition, we showed that microRNA let-7a-3p targeted 3′UTR of Bcl-w and participated in this process. Our results provide clues for targeted therapy in GBM treatment.

Materials and methods
=====================

Reagents
--------

SR48692 (SML0278), actinomycin D (1162400) and Doxorubicin (D1515) were synthesised at Sigma (Sigma-Aldrich Corp., Castle Hill, NSW, Australia). ABT-199 (GDC-0199) was purchased from MCE (Medchem Express Corp., Monmouth Junction, NJ, USA). All of them were dissolved with dimethyl sulphoxide (DMSO, Sigma-Aldrich Corp.).

Cell lines
----------

Human GBM cell lines U251, LN229, A172 and U87 and mouse GBM cell line GL261 (ATCC, Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium (DMEM, Life Technologies, NY, USA) supplemented with 10% foetal bovine serum (Invitrogen, Burlington, ON, Canada). Primary GBM tissue named 0807T and para-carcinoma tissue from the same tumour named 0807P were procured from Daping Hospital, the second affiliated hospital of the Third Military Medical School.

Real-time quantitative PCR
--------------------------

RNA was extracted using Trizol (Takara, Dalian, China) according to the manufacturer's protocol and real-time quantitative PCR was performed for gene expression by using the SYBER Green PCR Master mix (Takara) and LightCycler96 real-time PCR system (Roche, Indianapolis, IN, USA). The forward and reverse primers are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Results were calculated using the ΔΔCt method with *β*-actin as a control.

Western blotting analysis
-------------------------

Western blottings on total cell lysates were performed using the following antibodies: Anti-NTSR1, anti-c-Myc (ab39688) and anti-LIN28 (ab46020) were purchased from Abcam (Abcam plc. Cambridge, MA, USA). Anti-caspase 3 (9665), anti-GAPDH (5174), anti-cleaved-caspase 3 (9664) and Bcl-2 (15071) were purchased from CST (Cell Signaling Technology Inc., Danvers, MA, USA). Anti-Bcl-w (G154) antibody was purchased from Bioworld (Bioworld Technology Inc., MN, USA).

Cell viability assay
--------------------

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, Sigma) at 5 mg ml^−1^ was diluted in growth media and incubated for 4 h, then the precipitate was dissolved with DMSO (Sigma) and absorption values were obtained at 570 nm using an MULTISCAN GO multilabel plate reader (Thermo scientific, Vantaa, Finland).

Apoptosis assay
---------------

Cell apoptosis were detected by using double staining with Annexin V-FITC/PI (APOAF, Sigma) according to the manufacturer's instructions. Briefly, cells were harvested by trypsin digestion and washed twice with precooled PBS. The cell pellets were suspended in 1 × binding buffer (10 m[M]{.smallcaps} HEPES/NaOH, 140 m[M]{.smallcaps} NaCl and 2.5 m[M]{.smallcaps} CaCl~2~, pH 7.4) at a concentration of 5 × 10^6^ cells ml^−1^. Then the cells were incubated with AnnexinV-FITC and propidium iodide (PI) for 15 min (22--25 °C) in dark. The stained cells were immediately analysed by a BD Acurri C6 flow cytometry (BD, Franklin Lakes, NJ, USA). All data were analysed with Flowjo 7.6. Each measurement was carried out at least in triplicate.

Sub-G1 analysis assay
---------------------

Treated cells, including medium, were collected and centrifuged at 600 *g* for 5 min and the supernatant was removed. Cells were washed twice with PBS and fixed with 70% ice-cold ethanol for 24 h. Then the cells were centrifuged and washed again and adjusted to a final concentration of 1 × 10^6^ cells ml^−1^. And 50 mg l^−1^ PI and 0.25 ml RNase (1 mg ml^−1^ in PBS) was added to a 0.25 ml cell sample. Cells were incubated in the dark at 4 °C for 30 min before flow cytometric analysis (BD Accurri C6 cytometer and Modifit LT3.3). In the DNA histogram, the amplitude of the sub-G1 DNA peak represents the number of apoptotic cells. The experiment was repeated at least three times.

Caspase 3 activity assay
------------------------

Cells were harvested with lysis buffer and added in Ac-DEVD-AMC (caspase-3 tetrapeptide substrate, Beyotime, Haimen, Jiangsu, China) and then incubated at 37 °C for 1 h. Then the suspension was placed in an influorescence spectrometer (Promega, Madison, WI, USA) to analyse influorescent intensity (excitation wavelength: 380 nm, emission wavelength: 430--460 nm). Ac-DEVD-CHO (Beyotime) was used as a caspase 3 inhibitor.

JC-1 staining
-------------

To evaluate the mitochondrial membrane potential (MMP), a lipophilic cationic probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-carbocyanine iodide (JC-1, 5 mg l^−1^, Biotime) was added to cell cultures for 30 min at 37 °C and fluorescence was measured by using a fluorescent microscope (Olympus, Tokyo, Japan) or a BD Accurri C6 Flow Cytometer. In all, 10 *μ*[M]{.smallcaps} CCCP (carbonyl cyanide 3-chlorophenylhydrazone, Beyotime)-pretreated groups were used as positive control. The experiment was repeated at least three times.

Cytochrome *c* release assay
----------------------------

Cells treated with 10 *μ*[M]{.smallcaps} SR48692 for 24 h and then were fixed and permeabilised as previously described. Cells were stained with anti-cytochrome *c* antibodies. Nuclei were stained with DAPI (C1002, Beyotime). Immunofluorescence was analysed by a Nikon microscope (80i, Nikon, Tokyo, Japan).

Vector construction and virus infection
---------------------------------------

The RNAi target site was designed by using the website of GeneSil (<http://www.genesil.com/business/products/order2.htm>), and the target sequences are listed at [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. The hairpin oligonucleotides were synthesised in Beijing Genomics Institute (BGI, Beijing, China) and cloned into the pLKO.1 lentivirus vector. Human full-length Bcl-w (GenBank: NM_004050.4) cDNA was obtained by using PCR (primers were shown in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), and the DNA fragments were then inserted into PCDH-CMV-MCS-EF1-puro vectors to generate the recombinant plasmids. Vectors were transfected into 293FT cells to generate lentiviruses by using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). Subsequently, the lentiviruses were infected into cells according to the manufacturer's protocol from Invitrogen and the cells were selected with puromysin (5 *μ*g ml^−1^, Sigma) for at least 72 h.

Soft agar assay
---------------

Colony-formation ability was determined by soft agar assay on GBM cells. Briefly, 1.5 ml DMEM medium containing 0.6% agarose were added to each well of a six-well culture plates and allowed to solidify (base agar). One thousand cells were then mixed with 1 ml DMEM medium containing 0.3% agarose and added to the top of base agar (top agar). The cells were cultured in 5% CO~2~ incubator at 37 °C for 15--20 days. Colonies were imaged and counted by an Olympus inverted microscope (Olympus, Tokyo, Japan). Then cells were stained with MTT and imaged using a scanner (Epson Co., Ltd., Beijing, China).

TaqMan miRNA assay
------------------

Expression of mature miRNAs (let-7a-3p and let-7a-5p) was analysed by using the Bulge-Loop miRNA qRT--PCR assay (Guangzhou RiboBio Co., Ltd., Guangzhou, China). Briefly, single-stranded cDNA was gained from 5 ng total RNA in a 10 *μ*l reaction volume, using the system provided by Bulge-Loop miRNA qRT--PCR Starter Kit (Guangzhou RiboBio, 1 *μ*g RNA Template, 1 *μ*l 5 *μ*[M]{.smallcaps} Bulge-Loop miRNA RT Primer, 2 *μ*l 5 × Reverse Transcription Buffer, 2 *μ*l RTase Mix). The reactions were incubated at 42 °C for 60 min and then inactivated by incubation at 70 °C for 10 min. For miRNA qPCR reations, each 20 *μ*l PCR included 10 *μ*l 2 × SYBR Green Mix, 2 *μ*l RT Product, 0.8 *μ*l 5 *μ*[M]{.smallcaps} Bulge-Loop miRNA Forward Primer and 0.8 *μ*l 5 *μ*[M]{.smallcaps} Bulge-Loop U6 miRNA Reverse Primer. The reactions were incubated in a 96-well plate at 95 °C for 10 min, followed by 40 cycles of 95 °C for 2 s, 60 °C for 20 s and 70 °C for 10 s.

Let-7a-3p microRNA inhibition
-----------------------------

micrOFF let-7a-3p inhibitors was purchased from Guangzhou RiboBio Co., Ltd. and applied at a final concentration 100 n[M]{.smallcaps} with the help of riboFECT CP (Guangzhou RiboBio). Briefly, 5 × 10^5^ cells were seeded in six-well plates and cultured for 24 h. Then we diluted 2.5 *μ*l miRNA inhibitor with 60 *μ*l 1 × riboFECT CP Buffer and gently mixed with 6 *μ*l riboFECT CP Reagent and incubated at room temperature for 15 min. The mixture was added to the six-well plates, gently blended and then cultured for 48 h.

Tumour xenografts
-----------------

Four-week-old female nude mice (BALA/c; Beijing Laboratory Animal Research Center, Beijing, China) were purchased and housed in the SPF room to acclimate for a week. These mouse were divided into two groups. In one group, A172 cells (11 × 10^6^) in 100 *μ*l DMEM were transplanted subcutaneously into female BALA/c nude mice. Then the mice were injected with 10 mg kg^−1^ SR49692 every 3 days for 7 times after the tumour plumped. In another group, scramble or NTSR1 knockdown A172 cells (1 × 10^6^) in 100 *μ*l DMEM were subcutaneously injected into both flanks of each mouse, respectively. Then the mice were injected with 5 *μ*g kg^−1^ actinomycin D every day for 7 times after the tumour plumped. Tumour growth was measured by caliper measurement daily, and tumour volume was then calculated with the formula (volume=tumour length × width^2^ × 0.5236) after tumour plumped. At the termination of the experiment, tumours were removed and weighed. All animal experiments were preapproved by the Institutional Animal Care and Use Committees of the Southwest University.

Luciferase assay
----------------

Part-length of the 3′UTR of Bcl-w as shown in [Supplementary Table S4](#sup1){ref-type="supplementary-material"} was synthesised in Beijing Genomics Institute and cloned into the pGL3 basic vector. After that, vectors were transfected into A172 and U251 cells. Firefly luciferase gene in the vector pGL3-control (Promega) was used as a control for transfection efficiency. Luciferase assays were performed using the Dual-Luciferase Reporter Assay System Kit (Promega) according to the manufacturer's instructions. Luciferase expression was analysed by Modulus single-tube multimode reader (Promega). The relative luciferase expression equals the expression of Renilla luciferase (pRL-TK) divided by the expression of firefly luciferase.

Apoptosis protein array
-----------------------

In all, 500--600 *μ*g ml^−1^ protein lysate preparation was performed on biological triplicate samples. Then the apoptosis protein array was applied by using RayBio Human Apoptosis Antibody Array (Cat\# AAH-APO-G1, RayBiotech Inc., Guangzhou, China) as the providers described. The signals were imaged by using an Axon GenePix laser scanner via cy3 channel. [Supplementary Table S5](#sup1){ref-type="supplementary-material"} reports detailed information concerning the antibodies used and signal values. Then the heatmap was drawn by using the Heml: Heatmap Illustrator v.1.0.3.3 software ([@bib10]).

microRNA array
--------------

Total RNAs from scramble or shNTSR1 U251 cells treated with DMSO or actinomycin D were extracted using Trizol (Takara) according to the manufacturer's protocol. The quality of RNA was detected by using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Foster, CA, USA). RNA samples with RNA integrity number \>7, 28S/18S ratio\>0.7 and RIN⩾6.0 were used for the Agilent microRNA Chip. The candidate miRNAs expressed differently between scramble and NTSR1-silenced groups were performed via microRNA microarray profiling by using Agilent miRNA array 18.0 (ShanghaiBio Corporation, Shanghai, China). RNA labelling and hybridisation were performed by using a Human miRNA Microarray and a miRNA Complete Labeling and Hyb Kit (Agilent Technologies, Santa Clara, CA, USA). After washing twice with Gene Expression Wash Buffer, the slides were scanned by using an Agilent Microarray Scanner. The signal values were normalised by values of scramble groups and were converted into base-e logarithmic values. The heatmap was drawn by using the Heml: Heatmap Illustrator v.1.0.3.3 software ([@bib10]). Relative signal values of microRNA array are shown in [Supplementary Table S6](#sup1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

The statistical significance of the data was performed using Graphpad Prism 5 (GraphPad Software, La Jolla, CA, USA) and conducted by a two-tailed, unpaired Student's *t*-test.

Results
=======

NTSR1 antagonist SR48692 induced mitochondrial apoptosis in GBM cells
---------------------------------------------------------------------

First, we analysed NTSR1 expression of different GBM cell lines. The results showed that NTSR1 expressed in these cell lines and a primary GBM in a higher level than in para-carcinoma tissue ([Figure 1A](#fig1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Among them, the expression levels of NTSR1 in U251, A172 and a mouse GBM cell line GL261 GBM cells were higher than in other cells ([Figure 1A](#fig1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Meanwhile, we conducted an MTT assay to detect IC50 of SR48692 in these cell lines. The results showed that IC50 of SR48692 is 25.74 *μ*[M]{.smallcaps} in GL261 cells, while 47.13 *μ*[M]{.smallcaps} in A172 cells and 17.07 *μ*[M]{.smallcaps} in U251 cells ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). These results showed that sensitiveness of these cell lines were roughly associated with NTSR1 expression. So during the next experiments, we used these cell lines as models *in vitro*. By treatment of 5 or 10 *μ*[M]{.smallcaps} SR48692, a potent NTSR1 antagonist, cell viabilities were decreased in U251, A172 and GL261 by a concentration-dependent manner, compared with DMSO-treated cells ([Figure 1B](#fig1){ref-type="fig"}). Meanwhile, sub-G1 analysis showed a higher sub-G1 phrase appeared in GBM cells by exposure to SR48692 treatment for 48 h ([Figure 1C](#fig1){ref-type="fig"}). By using an Annexin V-FITC/PI dual staining apoptosis kit, we confirmed that NTSR1 inhibition by SR48692 treatment induced apoptosis in GL261, U251 and A172 GBM cells ([Figure 1D](#fig1){ref-type="fig"}). In addition, caspase 3 activities were also increased in SR48692-treated cells in a dose-dependent manner and the induced caspase 3 activities could be rescued by a caspase inhibitor, Ac-DEVD-CHO ([Figure 1E](#fig1){ref-type="fig"}). Collectively, these evidences indicated that NTSR1 inhibition by SR48692 induced apoptosis in GBM cells.

Mitochondria are important participants in apoptosis by releasing cytochrome *c* into the cytoplasm ([@bib15]). Cytochrome *c* in cytoplasm recruits Apaf1 and procaspase 9 to form apoptosome, which activates caspase 3 activity ([@bib14]). To determine whether SR48692-induced apoptosis was related to mitochondria, we used cytochrome *c*-releasing apoptosis assay in SR48692-treated GBM cells. Surprisingly, 24 h SR48692-treated cells exhibited mostly diffuse cytoplasmic cytochrome *c* staining, while DMSO-treated cells displayed punctate cytoplasmic staining ([Figure 1F](#fig1){ref-type="fig"}). These evidences showed that cytochrome *c* was released from mitochondria to cytoplasm. Meanwhile, a decline in MMP (ΔΨm) was observed both by fluorescence microscopy or flow cytometry at 12 h in GBM cells after SR48692 treatment by using JC-1 staining ([Figure 1G](#fig1){ref-type="fig"} and [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). These results indicated that NTSR1 antagonist SR48692 induced intrinsic apoptosis pathway in GBM cells.

NTSR1 knockdown induced slight apoptosis in GBM cells
-----------------------------------------------------

To elucidate whether NTSR1 was responsible for its antiapoptotic effect, we knocked down NTSR1 in U251 and A172 GBM cells by lentivirus infection. RT--PCR and western blotting analysis showed that NTSR1 expression was decreased in NTSR1-silenced cells compared with control groups ([Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}). Consistently, cell viabilities were decreased in NTSR1 knockdown U251 and A172 GBM cells, compared with scramble-infected cells ([Supplementary Figure 2C](#sup1){ref-type="supplementary-material"}). Meanwhile, Annexin V-FITC/PI dual staining assay also showed that the apoptotic rate was slightly increased after NTSR1 knockdown ([Figure 2A](#fig2){ref-type="fig"}). Meanwhile, caspase 3 activities were also slightly elevated and ΔΨm was significantly lost after NTSR1 knockdown ([Figure 2B and C](#fig2){ref-type="fig"}). These evidences showed that NTSR1 knockdown induced slight mitochondrial apoptosis in GBM cells.

NTSR1 inhibition sensitised drug-induced apoptosis in GBM cells
---------------------------------------------------------------

We hypothesised that the abundant NTSR1 contribute to chemoresistance, while NTSR1 reduction may sensitise GBM cells to stress-induced apoptosis. Actinomycin D, known to inhibit both RNA pol I and RNA pol II ([@bib38]), would trigger apoptosis of tumour cells, especially GBM at appropriate concentration ([@bib33]). To further elucidate whether NTSR1 inhibition could sensitise actinomycin D-induced apoptosis, we used a low-dose actinomycin D (10 n[M]{.smallcaps}) during the cell culture. Annexin V-FITC/PI dual staining assay showed that the apoptotic rate was massively increased after SR48692 treatment compared with DMSO treatment in the presence of actinomycin D ([Figure 3A](#fig3){ref-type="fig"}). In addition, caspase 3 activities were also increased after SR48692 treatment compared with DMSO treatment in the presence of actinomycin D ([Figure 3B](#fig3){ref-type="fig"}). What is more, NTSR1 knockdown showed similar results in the presence of actinomycin D compared with scramble groups ([Figure 3C and D](#fig3){ref-type="fig"}). In addition, we also found that NTSR1 knockdown also promoted U251 and A172 cells to apoptosis induced by doxorubicin (0.5 *μ*[M]{.smallcaps}), a DNA damage drug ([Supplementary Figures S3A and B](#sup1){ref-type="supplementary-material"}). These results indicated that NTSR1 inhibition sensitised drug-induced apoptosis in GBM cells.

NTSR1 inhibition downregulated Bcl-w and Bcl-2 in GBM cells
-----------------------------------------------------------

To determine which factor of apoptosis pathway was responsible for the cell death of GBM cells after NTSR1 inhibition, we set up a RayBio Human Apoptosis Antibody Array (AAH-APO-G1-4) analysis of 43 proteins, which was tightly related to apoptosis pathway, in U251 GBM cells after NTSR1 knockdown in the absence or presence of actinomycin D. The heatmap showed that Bcl-w was downregulated after NTSR1 knockdown in the absence or presence of actinomycin D ([Figure 4A](#fig4){ref-type="fig"}). Meanwhile, Bcl-2 and caspase 3 were significantly decreased after NTSR1 knockdown compared with scramble groups only in the presence of actinomycin D ([Figure 4A](#fig4){ref-type="fig"}). Furthermore, we conducted western blotting experiments and the results showed that, after SR48692 treatment, Bcl-w and Bcl-2 was downregulated, while cleaved-caspase 3 was elevated ([Figure 4B](#fig4){ref-type="fig"}). Bcl-w was also significantly reduced in NTSR1 knockdown cells, but Bcl-2 and caspase 3 was not significantly affected ([Figure 4C](#fig4){ref-type="fig"}). However, when actinomycin D was added into the medium, Bcl-2 was significantly downregulated and cleaved-caspase 3 was increased after NTSR1 knockdown ([Figure 4D](#fig4){ref-type="fig"}). To explore whether Bcl-w was essential during the process of NTSR1 inhibition-induced apoptosis, we restored Bcl-w in SR48692-treated and NTSR1 knockdown cells. The results showed that Bcl-w could rescue NTSR1 inhibition or deficiency-induced Bcl-2 downregulation and subsequent caspase 3 activation ([Figure 4E and F](#fig4){ref-type="fig"}), as well as apoptosis ([Supplementary Figures S4A and B](#sup1){ref-type="supplementary-material"}). These results indicated that NTSR1 inhibition induced intrinsic apoptosis via downregulation of Bcl-w and Bcl-2 in GBM cells.

NTSR1 inhibition-induced apoptosis was rescued by let-7a-3p suppression in GBM cells
------------------------------------------------------------------------------------

MicroRNAs are critical regulators in the modulation of signaling pathways, such as apoptosis ([@bib48]). To explore the essential microRNA during the NTSR1 inhibition induced apoptosis pathway, we conducted a microRNA array. The results showed that let-7a-3p significantly upregulated after NTSR1 knockdown in the absence or presence of actinomycin D ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}), which was also subsequently confirmed by qRT--PCR ([Figure 5A](#fig5){ref-type="fig"}). And both knockdown of NTSR1 or pharmaceutical inhibition of NTSR1 by SR48692 promoted let-7a-3p expression ([Supplementary Figures S6A and B](#sup1){ref-type="supplementary-material"}). However, another mature microRNA let-7a-5p was not affected by these alterations ([Supplementary Figures S6C and D](#sup1){ref-type="supplementary-material"}). Meanwhile, let-7a-3p inhibition could not affect the expression of NTSR1 ([Figure 5B](#fig5){ref-type="fig"}). Furthermore, we found that the seed sequence of let-7a-3p had a complementary sequence with 3′UTR of Bcl-w, companied with several G:U wobbles nearby ([Figure 5C](#fig5){ref-type="fig"}). Next, wild and mutant 3′UTR of Bcl-w ([Figure 5C](#fig5){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}) was synthesised and linked up to pGL3-basic vector. Luciferase assay showed that luciferase activities were increased in pGL3-Bcl-w 3′UTR wild but not in pGL3-Bcl-w 3′UTR mutant transfected U251 and A172 cells after let-7a-3p inhibitor treatment ([Figure 5D and E](#fig5){ref-type="fig"}). These results showed that let-7a-3p was the downstream of NTSR1 inhibition and could be an important regulator in NTSR1 inhibition-induced apoptosis.

To determine whether let-7a-3p was essential during apoptosis induced by NTSR1 inhibition, we used a let-7a-3p inhibitor to transfected into U251 cells after NTSR1 inhibition. The results showed that let-7a-3p inhibition partly rescued SR48692-induced apoptosis and almost completely retrieved NTSR1 knockdown-induced apoptosis ([Figure 5F and G](#fig5){ref-type="fig"}). In addition, let-7a-3p inhibition could partly rescue SR48692 or NTSR1 knockdown-sensitised actinomycin D-induced apoptosis ([Figure 5H and I](#fig5){ref-type="fig"}). Importantly, let-7a-3p inhibition also abrogated NTSR1 knockdown-induced Bcl-w and Bcl-2 reduction both in A172 and U251 cells ([Figure 5J](#fig5){ref-type="fig"}). These results showed that microRNA let-7a-3p at least partly recovered NTSR1 inhibition-induced apoptosis and might be an important regulator during GBM survival. It was reported that the expression of let-7 family was regulated by LIN28, which was transcriptionally upregulated by c-Myc in multiple advanced human malignancies ([@bib54]; [@bib7]). Our previous data also showed that NTS/NTSR1 could transcriptionally upregulate the expression of c-Myc in neuroblastoma cells ([@bib36]). So we thought that NTS/NTSR1/c-Myc/LIN28 might be an upstream pathway of let-7a-3p/Bcl-w-induced apoptosis. As shown in [Figure 5K and L](#fig5){ref-type="fig"} as well as [Supplementary Figure S6E](#sup1){ref-type="supplementary-material"}, NTSR1 deficiency induced decrease of c-Myc and LIN28 expression. In conclusion, our data revealed the molecular mechanism of NTSR1 inhibition-induced apoptosis.

NTSR1 inhibition reduced tumour growth *in vivo*
------------------------------------------------

Before animal experiments, we measured the capacity of tumour colony formation in A172 GBM cells by treatment of SR49692 or knockdown of NTSR1. The result showed that formatted colony number of cells treated with SR49692 or knockdown of NTSR1 was significantly less than the control groups, and colony size was also smaller, too ([Figure 6A and B](#fig6){ref-type="fig"}). GBM A172 cells were transplanted subcutaneously into female BALA/c nude mice. Then the mice were injected with 10 mg kg^−1^ SR49692 every 3 days for 7 times after the tumour plumped. The mice were killed at the termination of the experiment, and the formed tumours were excised. The results showed that SR49692 treatment significantly blocked tumour growth both in weight and in size ([Figure 6C--E](#fig6){ref-type="fig"}). Treatment with SR49692 did not affect the weight of the mice ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). In addition, scramble or NTSR1 knockdown A172 cells were also transplanted subcutaneously into female BALA/c nude mice. Then the mice were injected with 5 *μ*g kg^−1^ actinomycin D every day for 7 times after the tumour plumped. The mice were killed at the termination of the experiment, and the formed tumours were excised. Similar to the above, NTSR1 knockdown remarkably inhibited the tumour growth both in weight and in size ([Figure 6F--H](#fig6){ref-type="fig"}). To test whether NTSR1 inhibition was also associated with apoptosis *in vivo*, the expression of Bcl-w and Bcl-2 was investigated in the xenograft tumour tissues. In consistent with our previous results, these proteins were all markedly downregulated in SR49692-treated or NTSR1 knockdown tumours compared with their controls ([Figure 6I and J](#fig6){ref-type="fig"}). Treatment with actinomycin D did not affect the weight of the mice ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}). In addition, expression of microRNA let-7a-3p was also detected in the xenograft tumour tissues. As expected, the expression of let-7a-3p was upregulated in the NTSR1 inhibition groups compared with their controls ([Figure 6K and L](#fig6){ref-type="fig"}). Conclusively, these results indicated that NTSR1 inhibition reduced tumour growth *in vivo*.

Discussion
==========

GBM is one of the most causes of tumour-related death in the world and has an extreme poor prognosis about 1 year ([@bib11]; [@bib46]). So far, multiple biologicals, including anti-invasive cilengitide and antiangiogenic cediranib and bevacizumab or specific inhibitors of some oncogenic signaling pathways such as enzastaurin, everolimus, erlotinib, imatinib, gefitinib and temsirolimus, have failed to be demonstrated to cure GBM ([@bib8]). Therefore, identifying novel biomarkers and exploring novel therapeutic targets for the treatment of GBM are urgent tasks for scientists.

As one member of GPCRs, NTSR1 is a seven-span transmembrane protein in the plasma membrane and is the most affinitive receptor of neurotensin. Recently, NTSR1 was reported to have a negative role in the initiation and development of various tumours, including prostate cancer ([@bib52]), colorectal cancer ([@bib4]), lung cancer ([@bib55]), breast cancer ([@bib21]), squamous cell carcinoma ([@bib45]), gastrointestinal cancer ([@bib17]), neuroblastoma ([@bib19]), neuroendocrine tumour ([@bib26]), malignant melanoma ([@bib60]), lymphoma ([@bib43]) and liver cancer ([@bib50]). Previously, we found that activation of NTS/NTSR1 signaling was tightly related to the poor prognosis of glioma patients and increased proliferative and invasive characteristics of GBM cells ([@bib37], [@bib36]). However, the mechanism underlying was remained to be further elucidated.

In this study, we confirmed that NTSR1 was highly expressed in GBM cell lines, and the expression of NTSR1 in a primary tumour was higher than that of para-carcinoma tissue from the same sample ([Figure 1A](#fig1){ref-type="fig"}). This results confirmed our previous conclusions that the expression levels of NTSR1 was related to the progression of GBM ([@bib37]). To explore the function of NTSR1 in GBM cells, we used an inhibitor of NTSR1, SR-48692, also known as meclinertant. SR48692 was a drug acting as a selective, non-peptide antagonist at NTSR1 ([@bib18]). It was used in scientific research to explore the physical or pathological functions, especially antitumour activities of NTS/NTSR1 signaling. In addition, SR48692 showed antitumour activities in multiple tumours, including melanoma ([@bib60]), prostate cancer ([@bib5]), gastric cancer ([@bib1]), pancreatic carcinoma ([@bib24]) and so on. These evidences indicated that SR48692 might be a potent drug for cancer treatments. Similarly, we showed that inhibition of NTSR1 via its antagonist SR48692 decreased cell viabilities and induced apoptosis in mouse GBM GL261 cells and human GBM A172 and U251 cells ([Figure 1B--D](#fig1){ref-type="fig"}). In addition, SR48692-treated cells also showed increased caspase 3 activities, which could be rescued by a specific caspase 3 inhibitor, Ac-DEVD-CHO ([Figure 1E](#fig1){ref-type="fig"}). Meanwhile, NTSR1 knockdown in A172 and U251 GBM also induced slight apoptosis ([Figure 2A and B](#fig2){ref-type="fig"}). In addition, soft agar assay revealed decreased colony number and size in NTSR1 inhibition or knockdown groups compared with control groups ([Figure 6A and B](#fig6){ref-type="fig"}). *In vivo* studies also showed that SR48692 treatment reduced tumour size, weight and volume ([Figure 6C--E](#fig6){ref-type="fig"}) and NTSR1 knockdown reduced tumour size, weight and volume induced by actinomycin D ([Figure 6F--H](#fig6){ref-type="fig"}). These evidences demonstrated that NTSR1 inhibition induced apoptosis in GBM cells and SR48692 might be a candidate drug for GBM treatment.

The intrinsic apoptosis pathway, which is regulated by mitochondria, is an important signaling pathway for cancer survival and treatment ([@bib40]). In this pathway, caspase activation is closely linked to mitochondrial outer membrane permeabilisation (MOMP), which is mainly controlled by the Bcl-2 families ([@bib15]). Increased MOMP results in the release of proteins, including cytochrome *c*, thus initiating a caspase cascade and subsequent cell death ([@bib27]; [@bib58]). In addition, loss of MMP (ΔΨm) has been recognised as an early feature of apoptosis ([@bib16]). Our data showed that SR48692 treatment induced cytochrome *c* release and decline of ΔΨm ([Figure 1F and G](#fig1){ref-type="fig"}). Meanwhile, NTSR1 knockdown also induced significant decline of ΔΨm ([Figure 2C](#fig2){ref-type="fig"}). These data indicated that NTSR1 inhibition-induced apoptosis was tightly related to mitochondrial activities.

Inherent complexity and multiple mechanisms of drug resistance make it difficult to treat GBM ([@bib20]). Currently used chemotherapy drug and radiotherapy have done little in prolonging the life expectancies of GBM patients. To determine whether NTSR1 inhibition increased GBM cells to drug-induced apoptosis, we added low dose of actinomycin D and doxorubicin in the medium. Actinomycin D was the first antibiotic that has been demonstrated to have anticancer activity ([@bib49]). And doxorubicin has been used in cancer treatment for decades but causes toxicity to normal tissues, which makes the treatment dose limiting ([@bib49]). Surprisingly, the results showed that both SR48692 treatment and NTSR1 knockdown increased apoptosis induced by low dose of actinomycin D or doxorubicin ([Figure 3A--D](#fig3){ref-type="fig"} and [Supplementary Figures S3A--B](#sup1){ref-type="supplementary-material"}). This result indicated that NTSR1 protected GBM cells from apoptosis and inhibition of NTSR1 sensitised GBM cells to drug-induced apoptosis. Chemotherapy combined with NTSR1 inhibition might be a new strategy for GBM treatment.

Bcl-2 family members are central regulators in mitochondrial apoptosis pathway by governing MOMP and can be either proapoptotic (Bax, BAD, Bak and Bok) or antiapoptotic (Bcl-2, Bcl-xL and Bcl-w) ([@bib15]). Bcl-w, also known as BCL2L2, can inhibit the intrinsic pathway of apoptosis in some tumours ([@bib35]). Recently, Bcl-w was reported to have an important role in some solid tumours. For example, Bcl-w also induced matrix metalloproteinase-2 expression through activating phosphoinositide 3-kinase, Akt and specificity protein 1 to promote invasion of gastric cancer ([@bib3]). Meanwhile, Bcl-w could enhance mesenchymal changes and invasiveness of GBM cells by inducing nuclear accumulation of *β*-catenin ([@bib28]). In our results, apoptosis-related protein array showed that Bcl-w was downregulated after NTSR1 knockdown both in the absence and in the presence of actinomycin D, while Bcl-2 and caspase 3 significantly decreased after NTSR1 knockdown only in the presence of actinomycin D ([Figure 4A](#fig4){ref-type="fig"}). This data indicated that massive apoptosis might emerge only when Bcl-2 was inhibited. Inhibition of NTSR1 by SR48692 could decrease both Bcl-w and Bcl-2, thus inducing significant apoptosis ([Figure 4B](#fig4){ref-type="fig"}). However, NTSR1 knockdown could significantly downregulate the expression of Bcl-w but not sharply alter the expression of Bcl-2 ([Figure 4C](#fig4){ref-type="fig"}). It was reported that actinomycin D and doxorubicin could downregulate Bcl-2 expression ([@bib31]; [@bib12]). So we added low concentration of actinomycin D and doxorubicin in NTSR1-downregulated cells and the results showed that both Bcl-w and Bcl-2 was inhibited, thus sensitising actinomycin D-induced apoptosis ([Figure 3D and F](#fig3){ref-type="fig"}, [Supplementary Figures S4A--B](#sup1){ref-type="supplementary-material"}). Consistently, restoration of Bcl-w could partly rescue decrease of Bcl-2 and increase of cleaved-caspase 3 in NTSR1-inhibited or NTSR1-deficient cells ([Figure 4E and F](#fig4){ref-type="fig"}). *In vivo* studies also showed decreased Bcl-w and Bcl-2 expression in NTSR1-inhibited or NTSR1-deficient xenograft tumours ([Figure 6I and J](#fig6){ref-type="fig"}). These evidences indicated that Bcl-w was an essential modulator in NTSR1-inhibition- or -deficiency-induced mitochondrial apoptosis.

miRNAs are a class of non-coding RNAs composed of 18--24 bp nucleotides that suppress gene expression through directly binding to the complementary sequences in the 3′UTR of target mRNAs ([@bib41]). They have been reported to participate in regulating tumorigenesis and cancer progression by acting as tumour promotors or suppressors ([@bib29]). miRNAs are suggested to be potential therapeutic targets for tumour treatment ([@bib44]). As the first known human miRNA, let-7 family has been demonstrated to involve in cell differentiation and proliferation during tumour development and usually act as tumour suppressor. There are 12 different let-7 family members (let-7a-1, -7a-2, -7a-3, -7b, -7c, -7d, -7e, -7f-1, -7f-2, -7g, -7i and mir-98) expressed in humans ([@bib42]). let-7a-3p is a less abundant mature microRNA that comes from the left arm of let-7a-1 or let-7a-3 stem-loop; another higher expressed synonymous mature microRNA is let-7a-5p, which comes from the right arm of let-7a-1 or let-7a-3 stem-loop, according to miRBase website (<http://www.mirbase.org/>) ([@bib2]). In addition, let-7a-5p is also one of the mature microRNA of let-7a-2; another synonymous mature microRNA is let-7a-2-3p. It is reported that pre-let-7a was further processed by Dicer and turned into a mature let-7a duplex, which subsequently yielded let-7a-3p mediated by Ago3 ([@bib59]). However, this process might be affected by LIN28, which bound to pre-let-7a and recruited a UTUase to irreversibly transform pre-let-7a into uridylated pre-miRNA (up-miRNA), and the later one might be swiftly degraded by nucleases afterward ([@bib22]). Previous studies showed that let-7a (including let-7a-1, -7a-2, -7a-3) functioned as a tumour repressor via regulating of cell proliferation, differentiation, apoptosis and metabolism in various cancers ([@bib25]; [@bib62]; [@bib30]; [@bib51]). In addition, let-7a transcriptionally suppressed K-Ras and inhibited glioma malignancy independent of PTEN expression ([@bib57]). However, the functions of let-7a mature microRNAs was less known.

Herein, we reported that let-7a-3p was significantly upregulated after NTSR1 inhibition, while let-7a-5p expression was not changed ([Figure 5A](#fig5){ref-type="fig"}, [Supplementary Figures S5 and S6A--D](#sup1){ref-type="supplementary-material"}). In addition, the expression of let-7a-3p was also increased in NTSR1-inhibited or NTSR1-deficient xenograft tumours ([Figure 6K and L](#fig6){ref-type="fig"}). And let-7a-3p inhibition could not affect the expression of NTSR1 ([Figure 5B](#fig5){ref-type="fig"}). Importantly, the seed sequence of let-7a-3p was found to have a complementary sequence with 3′UTR of Bcl-w, companied with several G:U wobbles nearby ([Figure 5C](#fig5){ref-type="fig"}). So we synthesised wild and mutant 3′UTR of Bcl-w ([Figure 5C](#fig5){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and linked them up to pGL3-basic vector. We conducted a luciferase assay and the result showed that luciferase activities were increased in pGL3-Bcl-w 3′UTR wild while not in pGL3-Bcl-w 3′UTR mutant-transfected U251 and A172 cells after let-7a-3p inhibitor treatment ([Figure 5D and E](#fig5){ref-type="fig"}). Besides, inhibition of microRNA let-7a-3p could partly recover NTSR1 inhibition-induced apoptosis and downregulation of Bcl-w and Bcl-2 both in the presence and absence of actinomycin D ([Figure 5F--I](#fig5){ref-type="fig"}). c-Myc/LIN28/let-7 axis was a well-known pathway in multiple tumours ([@bib54]; [@bib7]), and previous reports showed that NTS/NTSR1 could transcriptionally activiate c-Myc in GBM cells and colorectal cancers ([@bib56]; [@bib36]). Thus we measured the expression of c-Myc and LIN28 in NTSR1 knockdown cells and the result showed that NTSR1 knockdown induced decrease of c-Myc and LIN28 expression ([Figures 5K and L](#fig5){ref-type="fig"}). In conclusion, as shown in [Figure 5N](#fig5){ref-type="fig"}, our data indicated that NTS/NTSR1/c-Myc/LIN28/let-7a-3p axis had an important role in the regulation of apoptosis in GBM cells.

In summary, our data showed that NTSR1 inhibition induced mitochondrial apoptosis in GBM cells and sensitised them to drug-induced apoptosis. And NTSR1 inhibition induced downregulation of Bcl-w and Bcl-2, which had pivotal roles in regulating intrinsic apoptosis. In addition, NTSR1 inhibition also induced upregulation of let-7a-3p, which had an essential function in Bcl-w- and Bcl-2-induced mitochondrial apoptosis. Our results depicted the molecular mechanisms of NTSR1 inhibition-mediated apoptosis and provided clues for GBM treatment.
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![**SR48692 induced mitochondrial apoptosis in GBM cells.** (**A**) Representative western blotting of NTSR1 expression in mouse GBM GL261 cells, human GBM U87, LN229, A172 and U251 cells, and a primary GBM tissue 0807T as well as a counterpart para-carcinoma tissue 0807P. GAPDH expression levels served as a loading control. (**B**) Cell viability assay in GL261, A172 and U251 cells after treatment of 5 or 10 *μ*[M]{.smallcaps} SR48692 or DMSO at 0, 2, 4 and 6 days. (**C**) Image and quantification of Sub-G1 phrase analysis by flow cytometry in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h. (**D**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h. (**E**) The effect of relative caspase 3 activities assays in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h. In all, 20 *μ*[M]{.smallcaps} Ac-DEVD-CHO, a caspase 3 inhibitor, was used to perform a negative control. (**F**) Image of cytochrome *c* release assay in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h. Scale bars represent 200 *μ*m. (**G**) Flow cytometric analysis of JC-1 staining in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h. Scale bars represent 100 *μ*m. All data were shown as mean±s.d. Student's *t*-test was carried out. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](bjc2017126f1){#fig1}

![**NTSR1 knockdown induced slight mitochondrial apoptosis in GBM cells.** (**A**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in A172 and U251 GBM cells after NTSR1 knockdown. (**B**) The effect of relative caspase 3 activities assays in A172 and U251 GBM cells after NTSR1 knockdown. In all, 20 *μ*[M]{.smallcaps} Ac-DEVD-CHO, a caspase 3 inhibitor, was used to perform a negative control. (**C**) Flow cytometric analysis of JC-1 staining in A172 and U251 GBM cells after NTSR1 knockdown. All data were shown as mean±s.d. Student's *t*-test was carried out. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, NS, no sense.](bjc2017126f2){#fig2}

![**NTSR1 knockdown sensitised GBM cells to drug-induced apoptosis.** (**A**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h in the presence or absence of 5 n[M]{.smallcaps} actinomycin D in cultural medium. (**B**) The effect of relative caspase 3 activities assays in GL261, A172 and U251 GBM cells after treatment of 10 *μ*[M]{.smallcaps} SR48692 or DMSO for 48 h in the presence or absence of 5 n[M]{.smallcaps} actinomycin D in cultural medium. (**C**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in A172 and U251 GBM cells after NTSR1 knockdown in the presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**D**) The effect of relative caspase 3 activities assays in A172 and U251 GBM cells after NTSR1 knockdown in the presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. In all, 20 *μ*[M]{.smallcaps} Ac-DEVD-CHO, a caspase 3 inhibitor, was used to perform a negative control. All data were shown as mean±s.d. Student's *t*-test was carried out. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, NS, no sense.](bjc2017126f3){#fig3}

![**NTSR1 inhibition induced downregulation of Bcl-w and Bcl-2 in GBM cells.** (**A**) Heatmap of apoptosis-related protein array in U251 cells after NTSR1 knockdown in the absence or presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**B**) Representative western blotting of Bcl-w, Bcl-2, caspase 3 and cleaved-caspase 3 expression in GL261, A172 and U251 cells after 10 *μ*m SR48692 treatment in the absence or presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**C**) Representative western blot of NTSR1, Bcl-w, Bcl-2, caspase 3 and cleaved-caspase 3 expression in A172 and U251 cells after NTSR1 knockdown. (**D**) Representative western blotting of NTSR1, Bcl-w, Bcl-2, caspase 3 and cleaved-caspase 3 expression in A172 and U251 cells after NTSR1 knockdown in the absence or presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**E**) Representative western blotting of Bcl-w, Bcl-2, caspase 3 and cleaved-caspase 3 expression in Bcl-w or vector transient-transfected A172 and U251 cells after 10 *μ*m SR48692 treatment in cultural medium for 24 h. (**F**) Representative western blot of Bcl-w, Bcl-2, caspase 3 and cleaved-caspase 3 expression in scramble or NTSR1-silenced A172 and U251 cells after transient transfected with Bcl-w for 48 h in the presence of 5 n[M]{.smallcaps} actinomycin D. GAPDH expression levels served as a loading control.](bjc2017126f4){#fig4}

![**NTSR1 inhibition-induced apoptosis was rescued by let-7a-3p suppression in GBM cells.** (**A**) Relative expression of let-7a-3p in A172 and U251cells after NTSR1 knockdown in the absence or presence of actinomycin D in cultural medium for 24 h. (**B**) Representative western blotting of NTSR1 in A172 and U251cells after let-7a-3p inhibitor treatment. GAPDH expression levels served as a loading control. (**C**) Schematic diagram of the binding of let-7a-3p to the 3′UTR region of Bcl-w mRNA. (**D** and **E**) Relative luciferase activity (FFL/RL) was assessed by using luciferase assay in A172 and U251 cells after negative control or let-7a-3p inhibitor and wild or mutant pGL3-Bcl-w 3′UTR transfection. (**F**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in DMSO or 10 *μ*m SR48692-treated A172 and U251 cells after negative control or let-7a-3p inhibitor transfection. (**G**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in NTSR1-silenced A172 and U251 cells after negative control or let-7a-3p inhibitor transfection. (**H**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in DMSO or 10 *μ*m SR48692-treated A172 and U251 cells after negative control or let-7a-3p inhibitor transfection in the presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**I**) The effect of Annexin V-FITC/PI dual staining apoptosis assays analysed by flow cytometry in NTSR1-silenced A172 and U251 cells after negative control or let-7a-3p inhibitor transfection in the presence of 5 n[M]{.smallcaps} actinomycin D in cultural medium for 24 h. (**J**) Representative western blotting of NTSR1, Bcl-w and Bcl-2 in NTSR1-silenced A172 and U251 cells after negative control or let-7a-3p inhibitor transfection. (**K**) Relative expression of c-Myc and LIN28 in U251 and A172 cells after NTSR1 knockdown. (**L**) Representative western blotting of c-Myc and LIN28 in NTSR1-silenced A172 and U251 cells. GAPDH expression levels served as a loading control. All data were shown as mean±s.d. Student's *t*-test was carried out. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, NS, no sense.](bjc2017126f5){#fig5}

![**NTSR1 inhibition reduced tumour growth of GBM cells *in vivo*.** (**A**) The colony formation was examined by soft agar assay (500 cells per well) in DMSO or 10 *μ*[M]{.smallcaps} SR48692-treated A172 cells. Scale bars represent 500 *μ*m. (**B**) The colony formation was examined by soft agar assay (500 cells per well) in scramble or NTSR1-silenced A172 cells (scale bar, 100 *μ*m). (**C**--**E**) A172 cells were injected into the flank of BALA/c nude mice and treated with DMSO or 10 mg kg^−1^ SR48692 by subcutaneous injection when tumours were palpable. Tumour volume (**D**) was measured. When tumours reached large enough, mice were killed, tumour was imaged and tumour was weighed (**C** and **E**). (**F**--**H**) scramble or NTSR1-silenced A172 cells were injected into the flank of BALA/c nude mice and treated with 5 *μ*g kg^−1^ actinomycin D by subcutaneous injection when tumours were palpable. Tumour volume (**G**) was measured. When tumours reached large enough, mice were killed, tumour was imaged and weighed (**F** and **H**). (**I**) Representative western blotting of NTSR1, Bcl-w and Bcl-2 in xenograft tumours treated with DMSO or 10 mg kg^−1^ SR48692. GAPDH expression levels served as a loading control. (**J**) Representative western blotting of NTSR1, Bcl-w and Bcl-2 in xenograft tumours after scramble or NTSR1 knockdown. GAPDH expression levels served as a loading control. (**K**) Relative expression of let-7a-3p in xenograft tumours treated with DMSO or 10 mg kg^−1^ SR48692. (**L**) Relative expression of let-7a-3p in xenograft tumours after scramble or NTSR1 knockdown. All data were shown as mean±s.d. Student's *t*-test was carried out. \*\**P*\<0.01, \*\*\**P*\<0.001.](bjc2017126f6){#fig6}
